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Fig. 1 Energy level structure of Ce* in free ions and crystal
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Table 1 Excitation and emission wavelength, AE/(l59 /13 <) and dgg/dg; data of Ce-doped garnet-based fluorescent materials

Sample Aem/NM Aex/NM AE/eV or lysgc/l3g ¢ dgg/dg; Reference
Luy 04A1501,:0.06Ce 521 444 0.3860eV 1.0456 [41-42]
Y2.04A15012:0.06Ce 541 446 0.2910eV 1.0610 [41]
Tbs.95Al501,:0.05Ce 571 460 - - [40]
(Luo.25Gdo.75)2.04A15012:0.06Ce 576 446 - 1.076 0 [41]
(Lu0.4Gdo)3A15012:0.03Ce 548 451 0.3020eV - [43]
(Ya:sLags) AlsO1,:0.05Ce 576 465 - - [44]
(Y0.73Tby 25)3A1501,:0.06Ce 561 460 0.1840¢eV - [40]
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Fig. 4 PL spectra of YAG:Ce XTb (x=0.00-0.98) phosphor excited at 460 nm (a), Temperature-dependence of integrated emission
intensity for YAG:Ce, 0.25Tb and YAG:Ce phosphors (b)!*”
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Table 2 Excitation and emission wavelength, AE/(l59 </l39 ¢) and dgg/dg; data of Ce-doped garnet-based fluorescent materials

Sample Aem/TM Aex/NM AE/eV or lso /I3 ¢ dgs/dg, Reference
Y3.997(Alp7S¢0.2)5012:0.003Ce 550 450 0.3250eV 1.026 5 [39]
Y3.097(Alp.7S¢0.3)5012:0.003Ce 538 445 0.3310eV 1.0228 [39]
Y1.04A1,Ga01,:0.06Ce 517 445 0.2037eV 1.0260 [51]
Lu 94A14Ga04,:0.06Ce 509 438 - 1.0435 [45]
Lu 94A13Ga,04,:0.06Ce 497 428 - 1.0399 [45]
Gd;.04S¢2A13012:0.06Ce 564 457 - - [52]
Y2.985A14Ga01,:0.015Ce 550 455 90% - [46]
Y2.085A13Ga,01,:0.015Ce 525 450 83% - [46]
Y2.085A1,Ga301,:0.015Ce 515 430 20% - [46]
Gd2_985A13G3201220.015CC 555 470 - - [53]
Y2_94Scha2_3Alo_7O12:0.06Ce 503 414 0.3770eV — [54]
Y2_351n0_75Al4_25012:0.lSCe 520 450 - - [50]
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Table 3 Excitation and emission wavelength, AE/(l59 /13 <) and dgg/dg; data of Ce-doped garnet-based fluorescent materials

Sample Aem/NM Aex/NM AE/eV or lyspc/lz0c dggs/ds; Reference
CaY,HfA14,01:2%Ce 534 408 68% - [55]
CaGd, 96HfScAl1301,:4%Ce 564 452 0.2900eV - [62]
CapLugo7Hf,AL3012:3%Ce 484 410 0.2800¢eV - [21]
CarYo.07HHALO2:3%Ce 493 408 0.2300eV - [21]
Ca,GdHf,(A104)3:4%Ce 504 408 - [58]
CasLag osHfrALO 2:5%Ce 517 408 0.24800 eV - [57]
CapLag 94sH,GaALO1,:6%Ce 524 421 0.2300eV - [63]
CaY,ZrGaAl;0,,:1%Ce 514 409 0.2500eV/58% - [60]
CaY 9sZrScAl;01,:2%Ce 514 421 0.2800¢eV - [59]
CayY.97Zr2(Al104)3:3%Ce 496 405 0.2948eV - [64]
CayY .99Z12(Al04)3:1%Ce 460 406 0.2680eV - [65]
CayLug 93Zr2(A104)3:2%Ce 488 408 0.2840eV - [66]
CayGdo.96Zr2(Al04)3:4%Ce 500 417 20% - [61]
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Table 4 Excitation and emission wavelength, AE/(l59 /13 <) and dgg/dg; data of Ce-doped garnet-based fluorescent materials

Sample Aem/NIM Aex/NM AE/eV or lys5 /3 ¢ dgg/ds; Reference
Y>MgA14Si04,:0.06Ce 565 460 57% - [29]
Y,CaAl4S104,:0.06Ce 554 460 62% - [29]
Y,SrAl4Si04,:0.06Ce 538 460 87% - [29]
Y,BaAl4S104,:0.06Ce 537 460 93% - [29]
Ba,YAI;S1,0,:0.06Ce 542 460 90% - [67]
BaLu,Al4Si04,:0.06Ce 513 440 92%@200 C - [68]
Lu,SrAlSi04,:0.06Ce 514 448 0.490 0 eV/95% - [69]
Lu,Mg(ALSi)O,,:Ce 533 434 75% - [71]
Lu,Ca(AlSi)0,:Ce 527 438 85% - [71]
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Table 5 Excitation and emission wavelength, AE/(l15 </l3 <) and dgg/dg; data of Ce-doped garnet-based fluorescent materials

Sample Aem/NM Aex/IM AE/eV or lysgc/l3 ¢ dgg/ds; Reference
Y2.90Al1 4Mg; $Si1 5012 0.01Ce 592 460 50% - [74]
Y3Mg,AlSi;Op,: Ce 595 475 48% - [75]
Y2.04Al42Mgo 4Ge 4015: 0.06Ce 540 470 0.2800eV - [72]
LusMgAl;3SiO;,: 0.06Ce 560 455 0.2441eV - [42]
LusMg»AlSi;Oy5: 0.06Ce 610 460 0.2282eV - [42]
Gd, sLu; 2Aly s(Mg/Si)os012: 0.03Ce 558 454 0.2740eV - [43]
Gd3Mg,Ge,AlOy,: Ce 583 451 0.2720eV 1.007 8 [73]
GdsMg, Gey 1 AlpsO1a: Ce 579 451 - 1.001 4 [73]
GdsMg,.25Ger 25Alp5012: Ce 575 450 - 0.996 7 [73]
Gd3Mg; 4Ger 4Aly,01: Ce 565 450 - 0.9951 [73]
Gd3Mg, 5Gey s012: Ce 555 444 - 0.9915 [73]
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Table 6 Excitation and emission wavelength, AE/(l59 /13 <) and dgg/dg; data of Ce-doped garnet-based fluorescent materials

Sample Aem/NM Aex/M AE/eV or lysqc/l3 ¢ dgs/dg; Reference
Ca;Hf,SiA1,01,:0.005Ce 487 400 0.1710eV - [76]
Mg,Y 1 94ALSi,012:0.06Ce 599 460 - - [78]
Lu1,97Ceo,03CaMg2$i30|Z:Ce 585 460 72% — [79]
Lu,Mg,ALSi1;04,:0.08Ce 575 436 0.3510eV - [80]
Ca3ScyGe;01,:0.01Ce 488 420 0.2700eV - [77]
Lu2CaMngi|,sGe1,5012:0.02Ce 555 460 15% — [81]
Lu; 3sCaMg,Si30,:0.12Ce 510 430 48% - [82]
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Development on Spectral Regulation of Ce**-Doped Garnet-Based Fluorescent Materials

TIAN Yanna, FAN Jintai, JIANG Benxue, CHEN Jie, ZHOU Shengming
(Key Laboratory of Materials for High Power Lasers, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences, Shanghai 201800, China)

Extended Abstract

For the favorable physicochemical properties, high fluorescence conversion efficiencies, a relatively short fluorescence lifetime,
and an efficient spectral congruence between excitation and ultraviolet/blue LED emission spectra, Ce*'-doped garnet-based
fluorescent materials can be used in encompassing lighting, displays, medical imaging, etc.. For leveraging the diverse cation sites
within a garnet structure, the emission wavelength of Ce®" can be continuously adjusted from 460 nm to 610 nm via the incorporation
of varied matrix chemical constituents. This versatile tunability broadens the horizons of their potential applications and augments the
repertoire of materials available for advancing Ce®” luminescence theory. However, recent work on Ce*'-doped garnet-based
fluorescent materials has unveiled certain anomalies and even contradictions within the characteristics and the emission wavelength
modulation theory, becoming one of the prominent bottlenecks hindering the development of this material. To address this issue, this
review represented the relative theories of substrate chemical component substitution and the modulation of Ce®* emission
wavelengths. The review also summarized recent advancements in Ce3+-doped garnet-based fluorescent materials, and the influence
of ion substitution on Ce*" luminescence performance with the distortion factor of [CeQyg].

This review discussed the Ce**-doped yttrium aluminum garnet structure as a prototype and comprehensively analyzed the
impacts of commonly used doping ions that occupy the [AOg], [BOg], and [CO4] sites on the emission wavelength, thermal quenching
resistance, and the [CeQg] distortion factor of Ce*".

The ion substitution of a single lattice generally necessitates that the substituting ion and the substituted ion have the same
valence state and exhibit a minimal disparity in atomic radius. In the case of [AQg] lattice substitution, Y>* can be replaced with
rare-earth ions, i.e., Lu’*, Tb*", Gd°', and La>". When the radius of the doped rare-carth ions is greater that that of Y?*, the emission
wavelength of Ce*" shifts towards the red end of the spectrum. Conversely, when the radius is smaller, the shift occurs in the opposite
direction.

The ion substitution of octahedral lattice sites mainly involves the replacement of A’ by Ga®*, Sc¢**, and In**. With an escalation
in the concentration of doped ions like Ga®*, S¢**, and In*", the peak wavelength of the Ce*" emission spectrum has a blue shift. In
addition, the incorporation of Sc* effectively enhances the thermal quenching resistance of Ce®*, while the inclusion of Ga®*
diminishes the thermal quenching resistance of Ce**.

The main substitutions of dodecahedral-octahedral lattice ion pairs include Ca’"—Hf*" and Ca*—Zr*" replacing Y3*—AP**. The
emission and excitation peak wavelengths of Ce®* gradually blueshifts as Ca**—Hf*" and Ca**~Zr*" doping contents increase.

The substitution of dodecahedral—tetrahedral lattice ions is mainly achieved by M**-Si*" (M=Mg, Ca, Sr, Ba) replacing Y>*—AI*",
with alkaline earth metals occupying the dodecahedral lattice and Si*" occupying the tetrahedral lattice. In the garnet system, when
M*-Si*'replaces Y*'~AI**, the emission wavelength of Ce*" undergoes a blue shift with the increase of M*" ion radius, resulting in
improving the thermal stability.

The substitution of octahedral-tetrahedral lattice ions mainly involves Mg%—Si‘H/Ge4+ replacing AP-AP*", where Mg2+ occupies
the octahedral lattice and Si*'/Ge*" occupies the tetrahedral lattice. Among them, Mg2+—Si4+ replacing AP-AP" is an effective
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method to achieve a large redshift of Ce** emission wavelength. The introduction of Mg*~Ge*" also leads to the redshift of Ce**
emission wavelength, but the extent of this redshift is considerably less than that achieved by Mg®*—Si*".

The chemical components in dodecahedral-octahedral-tetrahedral lattice co-substitutions are more intricate, with Ca®>" and Mg**
occupying the dodecahedral lattice, Mg, Sc**, and Hf** occupying the octahedral lattice, and Si*" and Ge*" in the tetrahedral lattice.
Different lattice ions on the co—substitution affect the luminescence performance of Ce’*.

Summary and prospects The effect of jon substitution on the luminescence performance of Ce’" is analyzed via utilizing
Ce**-doped yttrium aluminum garnet fluorescent material as a prototype. The comparative study reveals that the most effective

redshift of Ce®* emission wavelength appears when Mg?—Si**

occupies the octahedral-tetrahedral lattice configuration. This results in
a possibility of red shifting the emission wavelength of Ce®" at 610 nm, thereby significantly enhancing the color rendering
capabilities of white LED/LD lighting systems.

Conversely, an effective blue shift in Ce*" emission wavelength appears in Ca”'~Zr*" located in the dodecahedral-octahedral
lattice, with a potential shifting at 460 nm. Furthermore, the inclusion of Sc¢** in the octahedral lattice and Ba*-Si*" in the
dodecahedral-tetrahedral lattice markedly improves the thermal quenching resistance of Ce®". Hence, this combination exhibits
substantial advantages for high-power LED and LD lighting applications. In contrast, the introduction of Ca*'-Mg?*-Si*"/Ge*" into
the dodecahedral-octahedral-tetrahedral lattice configuration leads to a poor thermal quenching resistance for Ce®", indicating a
unsuitability for white light LED/LD illumination.

Furthermore, the dgg/ds; ratio is related to the Ce®* emission wavelength and thermal stability, based on the degree of [CeOs]
distortion. It is indicated that at an equivalent Ce*" doping concentration, an increase in the dgg/dg; ratio corresponds to a redshift in
emission wavelength and a decrease in thermal stability. Among the research results available, little work on the impact of dgg/dg
value on the luminescence performance has been done yet. A future research on the in-depth physical models and subsequent
experimental validation for Ce**-doped garnet-based fluorescent materials is needed.

Keywords garnet; fluorescent materials; cerium oxide dodecahedron; thermal stability



